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Introduction

Despite well-documented studies of type-I core–shell quantum
dots (QDs),[1–7] studies of type-II QDs are relatively rare. Type-II
QDs have both valence and conduction bands in the core that
are lower (or higher) than those in the shell materials. After
electronic excitation, one carrier is predominantly confined to
the core, while the other is located in the shell. This spatial
separation of charge carriers leads to several characteristic dif-
ferences from the type-I QDs. On one hand, the interband
emission is allowable with an energy gap that would be other-
wise inaccessible with type-I structures, extending the color-
tuning capability. On the other hand, the spatially separated
charges make type-II QDs suitable for photovoltaic applica-
tions, in which QDs may replace organic dye chromophores so
that one of the photocarriers is injected from the QDs into a
matrix prior to the electron/hole recombination.

Recently, based on a colloidal template, a seminal work on
the chemical syntheses of type-II CdSe/ZnTe (core/shell) and
CdTe/CdSe (core/shell) QDs using Cd(CH3)2 as a Cd precursor
has been reported.[8] This colloidal template approach is crucial
in that it provides both feasibility and versatility toward further
chemical modification. Subsequently, we have reported the
synthesis of CdSe/ZnTe (core/shell) type-II QDs via a safer pre-
cursor (CdO) and studied their corresponding excited-state re-
laxation dynamics.[9] Very recently, a synthetic route to prepare
CdTe/CdSe colloidal using a template without incorporating
fatty acid, amines, or phosphine oxide was reported.[10] In an-
other approach, interconversion between type-I and II QDs has
been achieved via fixing the ZnSe core radius, while increasing
the shell (CdSe) thickness.[11] In terms of applications, type-II
QDs have been exploited successfully as near-infrared (NIR)
dyes for biomedical imaging in living tissue by taking advant-
age of their great photostability and deeper light penetra-
tion.[12]

Note that, in the case of CdSe/ZnTe QDs, both the valence
and the conduction bands in the core are lower than those in
the shell. Electrons in CdSe being excited cannot circumvent
the highly endergonic ZnTe conduction band. Thus, after hole
migration the interband emission mainly originates from the
CdSe (core) ! ZnTe (shell) transition, limiting its application in
photovoltaic devices. Alternatively, other type-II QDs, for exam-
ple, CdTe/CdSe, in which both the valence and conduction
bands in the core are higher than those in the shell materials,
should be of great interest. Upon excitation, electron injection
is likely to be from the conduction band of the shell (i.e. CdSe),
providing a driving force to the electron acceptor, for example,
TiO2, commonly used in dye-sensitized solar energy cells. More-
over, the early relaxation dynamics of the core, which may be
dominated by electron transfer to the shell, should be different
from those of CdSe/ZnTe driven initially by hole transfer to the
shell. It is thus important to gain detailed insight into the asso-
ciated excited-state relaxation dynamics for CdTe/CdSe type-II
QDs. In this study, we report the synthesis of CdTe/CdSe type-II
quantum dots using safer CdO and CdCl2 as precursors for pre-
paring the core and shell, respectively. Subsequently, absorp-
tion, emission and femtosecond time-resolved measurements
were carried out for both core (in CdTe/CdSe) emission and
CdTe/CdSe interband emission.
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Syntheses of CdTe/CdSe type-II quantum dots (QDs) using CdO
and CdCl2 as precursors for core and shell, respectively, are re-
ported. Characterization was made via near-IR interband emis-
sion, transmission electron microscopy (TEM), energy dispersive
spectroscopy (EDX), and X-ray diffraction (XRD). Femtosecond flu-
orescence upconversion measurements on the relaxation dynam-
ics of the CdTe core (in CdTe/CdSe) emission and CdTe/CdSe inter-

band emission reveal that as the size of the core increases from
5.3, 6.1 to 6.9 nm, the rate of photoinduced electron separation
decreases from 1.96, 1.44 to 1.07 @1012 s�1. The finite rates of the
initial charge separation are tentatively rationalized by the small
electron–phonon coupling, causing weak coupling between the
initial and charge-separated states.

222 A 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemPhysChem 2006, 7, 222 – 228



Results and Discussion

Figure 1 depicts transmission electron microscopy (TEM)
images of CdTe core and CdTe/CdSe core/shell type-II QDs. The
corresponding composition was characterized by energy dis-

persive spectroscopy (EDX). As shown in Figure 2a, the appear-
ance of the Se peak at 1.4 keV, in combination with the in-
crease of the ratio for Cd versus Te from 1.2:1 in CdTe to �6:1
in CdTe/CdSe, indicates the formation of CdSe. As shown in
Figure 2b, comparing the X-ray diffraction (XRD) pattern of the
CdTe core, two sets of peaks at faces [100] , [002] , [101] and
[110], [103] , [112] shift to higher scattering angle upon coating
with the CdSe shell, the results of which are consistent with
those reported by Yu et al.[10] In addition, alloy, if it formed,
should be supported by a narrowing full-width-at-half-maxi-
mum (FWHM) in the set of peaks at [100], [002] and [101]. In
contrast, a slight increase of the FWHM was observed upon en-
capsulating CdSe, supporting the suggestion of the formation
of a CdTe/CdSe core/shell structure.

To gain a more detailed insight into the composition infor-
mation we have invested further effort in performing XPS anal-
yses. The peak intensity ratio for elements of the core versus
shell as a function of the electron takeoff angle may serve as a
valuable tool to extract geometrical information about the
nanoparticles.[13] Note that, if QDs were composed of an alloy,
the relative peak intensities for Se versus Te would be inde-
pendent of the electron takeoff angle. Furthermore, empirical-
ly, the ratio of the peak area for Te (3d5/2) versus Se (3d) is esti-
mated to be 6.82 and 6.68 for X-ray sources at 90o and 54.7o,
respectively.[14] Thus, upon normalizing the Se peak intensity,
the peak intensity ratio for Te (90o): Te (54.7o) is deduced to be
1.02 for the case of a single layer. Figure 3 shows the XPS
spectra of Se and Te peaks for the synthesized CdTe/CdSe QDs
at incident angles of 90o and 54.7o, in which the Se peak inten-
sity has been normalized. Accordingly, the intensity ratio for Te
(90o):Te (54.7o) was calculated to be 1.26, which is greater than
the value of 1.02 deduced from a single layer, that is, an alloy
structure. Note that this derivation is based on the empirical
data of bulk properties. Thus, the suitability for a similar ap-
proach toward nanoscale QDs may not be justified; for exam-
ple, recently, Piyakis et al.[15] have reported the XPS analysis of
spherical Cu nanoclusters. Using angle-resolved XPS, in combi-
nation with Monte Carlo simulation, they concluded that, if the
radius of the particle is larger than the attenuation length of
the photoelectron, the angle dependence may lack good cor-
relation. Nevertheless, the results of angle-dependent XPS, in a
qualitative manner, support the formation of CdTe/CdSe core/
shell structure. More evidence of a type-II CdTe/CdSe core/shell
structure is provided in the section of luminescence studies.

The average sizes of both core-only CdTe and CdTe/CdSe
QDs can be estimated directly from TEM (see Figure 1C for
size histograms). Unfortunately, the mismatch of the lattice
constants between CdTe (6.48 K) and CdSe (6.05 K)[16] is only
7.1%, which is too small to allow the resolution of the core
and shell individually via the difference in the lattice orienta-
tions using TEM. Since the CdTe/CdSe QDs were prepared from
the same batch of the CdTe precursor, it is reasonable to
assume the same core size in the CdTe/CdSe as in the core-
only CdTe. Thus, as an indirect approach, the shell thickness
can be estimated by the subtraction of the core size from that
of the core/shell particles prepared.

Figure 4 shows the absorption and emission spectra of the
CdTe cores and the corresponding CdTe/CdSe QDs, in which
the core (core/shell) sizes, measured by TEM size histograms,
were calculated to be 5.3 (6.3), 6.1 (7.1) and 6.9 (7.8) nm (see
Figure 1). Accordingly, the CdSe thicknesses of these three
samples were derived to be 1.0, 1.0 and 0.9 nm, which, within
experimental uncertainty, could be treated as constant values.
Considering that TEM generally provides insufficient contrast
at the edges of nanoparticles, the measured sizes are subject
to �10% uncertainty on average. Similarly to the CdTe core
emission, the NIR interband emission band for CdTe/CdSe QDs
also revealed size dependency. Theoretically, the energy gap of
the interband emission should correlate with the band offsets
of the materials composing the core and the shell. If the shell
thickness remains unchanged, the interband exciton emission

Figure 1. TEM images of the samples with an average of: A) 5.3 nm diameter
CdTe QDs (left) and 6.3 nm CdTe/CdSe QDs (right), B) 6.1-nm diameter CdTe
QDs (left) and 7.1 nm CdTe/CdSe QDs (right), and C) size histograms for the
series of samples described in text. Note that the longest dimension for over
500 particles in each sample has been measured to build the histograms.
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should be dependent on the size of the core. This is clearly
demonstrated in Figure 4. Upon the increase in the diameter
of the CdTe cores from 5.3 to 6.9 nm, as indicated by the shift
of the CdTe emission peak wavelength from 690 nm

(14493 cm�1) to 737 nm (13569 cm�1), the emission of CdTe/
CdSe, coated with a similar thickness (1.0 nm) of shell materials
(CdSe), shows a systematically bathochromic shift from

Figure 2. a) Energy dispersive spectroscopy (EDX) characterization of CdTe core (left) and CdTe/CdSe core–shell (right) nanocrystals prepared from CdCl2 pre-
cursor described in the text. b) X-ray diffraction (XRD) data on CdTe cores (left) and CdTe/CdSe core/shell nanocrystals (right).

Figure 3. Normalized Se 3d XPS spectra of CdTe/CdSe acquired at electron
takeoff angles of 90o (a) and 54.7o (c). Inset : peak intensity for Te 3d5/2

at 90o (a) and 54.7o (�) after normalization with the Se peak.

Figure 4. Absorption (left) and emission (right) spectra of CdTe core and
CdTe/CdSe core–shell type-II QDs in toluene with different sizes: a) 5.3 nm
(core), a’) 6.3 nm (core–shell), b) 6.1 nm (core), b’) 7.1 nm (core–shell),
c) 6.9 nm (core), c’) 7.8 nm (core–shell). The average thickness of the shell
was estimated to be �1.0�0.2 nm. Note that the x axis in the emission
spectrum is in wavenumbers (cm�1) to show the real energy gap.
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1025 nm (9756 cm�1, core 5.3 nm/shell 1.0 nm) to 1061 nm
(9425 cm�1, core 6.9 nm/shell 0.9 nm). The results can be ra-
tionalized by considering an increased CdTe valence band, that
is, a decreasing oxidation potential,[17] upon increasing CdTe
size, resulting in a smaller band gap between the CdSe (higher
band) and CdTe (lower band). Furthermore, the red shift in
pure-core CdTe is 114 meV because of the change in size (from
690 to 737 nm), while the shift in the core/shell CdTe/CdSe
QDs, assuming the same shell thickness, is 42 meV (from 1025
to 1061 nm), which is consistent with the model in that the re-
combination occurs from the CdSe conduction band to the
CdTe valence band (type-II). By changing the size of the CdTe
core only, the shift in interband emission must be smaller than
that for the emission within pure CdTe. We also carefully exam-
ined any possible emission band associated with alloy (such as
CdTexSe1�x), the peak wavelength of which is expected to be
between that of the CdTe core and the CdTe/CdSe interband
emission.[18] The lack of emission originating from alloy firmly
supports the CdTe/CdSe core/shell formation.

Table 1 lists room-temperature photophysical properties for
CdTe of various sizes and the corresponding CdTe/CdSe QDs.
The average population decay times for the core-only CdTe
and CdTe/CdSe QDs are in the range of 20–40 ns and 45–
60 ns, respectively. In contrast to the strong visible emission of
the core (Ff>0.1, see Table 1), the NIR interband emission
from CdTe/CdSe QDs is relatively weak. Through a comparison
of the emission intensity with that of meso-tetraphenylpor-
phyrin (Ff�0.11, lmax�760 nm) in toluene,[19] the quantum ef-
ficiency of the NIR interband emission was determined to be
of the order of 10�1–10�2 (see Table 1). For both CdTe and
CdTe/CdSe QDs the emission quantum yields (QYs) increased
as the size of the core increased. This tendency might be ra-
tionalized, in part, by the formation of crystal defects, which
then trap the exciton. Upon decreasing the core size, the sur-
face-to-volume ratio becomes larger, and hence more defects
may be developed. For the case of CdTe/CdSe QDs, the radia-
tive decay rate was calculated to be in the range of 105–
106 s�1, which is smaller than that of the core-only CdTe QDs
(107–108 s�1) by approximately two orders of magnitude, on
average. The rather long radiative lifetime in CdTe/CdSe may

be rationalized by the slow, spatially separated electron–hole
recombination of the excitons in type-II structures. Neverthe-
less, in comparison to the radiative decay rates of 104–105 s�1

for the other type-II QDs such as CdSe/ZnTe,[9] the 10–100-fold
increases of the radiative decay rate in CdTe/CdSe would allow
us to probe the early relaxation dynamics of the interband
emission, which are otherwise inaccessible for CdSe/ZnTe, via
the femtosecond fluorescence upconversion approach.[9]

Femtosecond fluorescence upconversion was performed to
gain insights into the dynamics of the photoinduced charge
separation in the early stage. To elaborate the correlation clear-
ly, we monitored the upconverted emission signal for both
core (in CdTe/CdSe) and interband emission. The signal in the
region of 650–740 nm, which is ascribed to the precursor core
emission, is negligibly small in the steady-state intensity for
the CdTe/CdSe QDs due to the dominant charge-separation
process. Nevertheless, the upconverted fluorescence signal is
relatively much higher than that of the interband emission due
to its larger radiative decay rate. Figure 5 reveals the decay dy-
namics for CdTe/CdSe QDs of various sizes monitored at the
peak wavelength of the corresponding core CdTe QDs. It
turned out that the temporal trace could be well fitted qualita-
tively by the convolution of pump–probe cross correlation
with a FWHM of �260 fs in combination with an impulse re-
sponse I(t) expressed in Equation (1):

IðtÞ ¼ Aþ Be�t=t1 þ Ce�t=t2 þ De�t=t3 ð1Þ

Three single-exponential components consist of : 1) an ultra-
fast rise component (t1), of which the rise time, within the ex-
perimental error, can be barely fitted to be �160–280 fs; 2) a
very fast decay component (t2), of which the decay time, de-
pending on the core size, was fitted to be several hundred
femtoseconds to �1 ps; and 3) a very long decay component
(t3), with a very small, probably negligible, amplitude that can
be treated as a constant throughout the measured range of
15 ps. Component (3) was further resolved to be �45–60 ns
via a time-correlated single-photon counting experiment.
Table 1 lists the fitted parameters (t1 and t2) for those CdTe/
CdSe QDs studied.

Table 1. Room-temperature photophysical properties for various sizes of CdTe and corresponding CdTe/CdSe QDs in toluene (PL=photoluminescence,
QY=quantum yield).

CdTe CdTe/CdSe
Size [nm] PL [nm] t[a] [ns] QY [%] Size[b] [nm] PL [nm] t1

[c] [fs] t2
[c] [fs] ta

[d] [fs] tb
[e] [ns] QY [%]

5.3 690 21 12 6.3 1025 150�60 510�50 710�50 45 3.1
(14993)[f] (9756)[f] (�0.49) (0.51) (�0.50) (0.50) �0.3

6.1 712 36 15 7.1 1043 220�60 690�55 920�70 48 4.0
(14045)[f] (9588)[f] (�0.48) (0.51) (�0.50) (0.50) �0.4

6.9 737 34 18 7.8 1061 280�70 930�50 1350�70 55 5.2
(13569)[f] (9425)[f] (�0.49) (0.50) (�0.50) (0.50) �0.2

[a] The average decay time at room temperature. [b] The core–shell size was synthesized from its corresponding core, and the average shell thickness was
�1.0 nm. [c] The rise and decay components [see Eq. (1)] measured at peak wavelength supposed for the core emission. [d] ta : the rise time of the inter-
band emission. [e] tb: the population decay component of the interband emission was obtained from the time-correlated single-photon-counting meas-
urement. [f] The units are in wavenumbers (cm�1). Numbers in parentheses of [c]–[d] are the normalized pre-exponential values. Note that the pre-expo-
nential value of tb was taken from the upconverted signal.
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As for component (3), because the available excitation wave-
length was tuned to 380–420 nm in the fluorescence upcon-
version study, it is possible that direct excitation of the CdSe
shell was also possible.[20,21] Support of this viewpoint was
given by both steady-state and nanosecond time-correlated
single-photon counting measurements, in which a weak emis-
sion with the peak wavelength of �550 nm (tf �13 ns, not
shown here) was resolved upon excitation at <400 nm. In
comparison, the 550-nm band was absent in the CdTe core-
only QDs. However, for type-II CdTe/CdSe QDs, photoexcitation
of the shell CdSe should result in a very rapid electron transfer
due to the same charge-separated state as the core excitation.
It is thus more plausible to attribute the very-weak-intensity
long-decay component to a trace concentration of freestand-
ing CdSe particles generated from nucleation during the shell
growth. Nevertheless, due to its small amplitude and long pop-
ulation decay, this component is simply neglected in the fol-
lowing discussion.

As to the fast decay component (2), when the size of the
CdTe core increased to 5.3, 6.1 and 6.9 nm, the lifetime of the
decay component (2) systematically increased to 510�50 fs,
690�55 fs and 930�50 fs, respectively. Assuming that the
fast quenching of the core emission in CdTe/CdSe is dominat-
ed by the rate of photoinduced electron transfer to the shell,
the plot for the rate of interfacial electron transfer versus the
core diameter reveals a straight-line-like correlation (see the
insert of Figure 5). The result seems to be different from a
convex-curve-like plot for the CdSe/ZnTe type-II QDs.[9] This dis-
crepancy may simply reflect the material difference between
these two types of QDs. However, it should be noted that the
plot for CdSe/ZnTe QDs is based on a large variation (�1.8
fold) of core sizes, ranging from 3.0 to 5.5 nm, while the largest
difference in the core size could be prepared is 1.6 nm (5.3–
6.9 nm, �1.3 fold) for the CdTe/CdSe QDs. Thus, unless a

wider range of CdTe core sizes can be obtained, a fair compari-
son of charge-separation rates between CdTe/CdSe and CdSe/
ZnTe QDs may not be meaningful at this stage.

Finally, although the time scale of the rise component (1) is
within the borders of the detection response limit, it can still
be barely resolved and appears to increase as the core size in-
creases from 5.3 nm (150�60 fs) to 6.9 nm (280�70 fs). Since
the excitation wavelengths of 380–410 nm are well above the
lowest-lying conduction band of the CdTe core, we tentatively
propose that the finite rise component may originate from a
fast internal conversion, followed by a relaxation to the lowest
conduction band. However, due to its nearly detection-re-
sponse-limited time scale, we believe that any quantitative at-
tempts to ascertain the corresponding mechanism will be
based on too much speculation and hence may not be relia-
ble.

Attempts to acquire the femtosecond upconverted signal of
the interband emission for the CdTe/CdSe QDs with various
core sizes were also made. The time-dependent trace is shown
in Figure 6, while corresponding data are listed in Table 1. In all

cases, the experimental results could be best fitted by the con-
volution of pump-probe cross correlation with a FWHM of
�180 fs in combination with the impulse response I(t) consist-
ing of a resolvable rise (negative pre-exponential value) expo-
nential component and a nearly constant value throughout
the acquisition time of 10 ps. It should be noted that fitting
the data using only the cross correlation plus a constant value
gave a worse fit, in particular because the initial fluorescence
intensity could not be fully simulated. The constant value
within 10 ps simply indicates a much longer decay time, which
has been further resolved to be around several tens of nano-
second via the nanosecond time-correlated single-photon
counting experiment (see Table 1).

Before further discussing the observed relaxation dynamics,
a brief review of femtosecond approaches in the light of other
works on II–VI QDs seems necessary, although most researches

Figure 5. The fluorescence upconversion signal for CdTe/CdSe QDs in tol-
uene with a core diameter of 5.3 nm (&), 6.1 nm (~) and 6.9 nm (*). Emission
is monitored at the peak wavelength of the corresponding core, i.e. , 690,
712 and 737 nm, respectively. (c) system response function. Insert : The
plot of electron separation rate as a function of the core diameter. Note that
an additional point of core (5.7 nm)/shell (1.0 nm) is added in the plot. The
average thickness of shell (CdSe) is �1.0 nm for all QDs. lex : 400 nm.

Figure 6. The fluorescence upconversion signal for CdTe/CdSe QDs in tol-
uene with a core diameter of 5.3 nm (~), 6.1 nm (&) and 6.9 nm ( ). Emission
is monitored at the peak wavelength of the interband emission, i.e. , 1025,
1043 and 1061 nm, respectively. (c): the corresponding fitting curves (see
text). The average thickness of shell (CdSe) is �1.0 nm for all QDs. lex :
400 nm.
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focus on the CdSe type-I QDs. For the case of CdSe, both elec-
tron and hole relaxation pathways have been studied exten-
sively via either transient absorption[22–25] or fluorescence up-
conversion techniques.[26–27] Most ultrafast measurements dis-
play multi- exponential dynamics, consisting of rise times of
less than a few picoseconds for the population of the excited
state, followed by 1–10 ps decay components and a nanosec-
ond or even longer population lifetime. On the basis of a full-
range, that is, visible/near-IR/IR, transient absorption technique,
Burda et al.[25] were able to resolve the relaxation dynamics as-
cribed to the electron and hole separately. It is now commonly
accepted that the population of the conduction-band edge by
the electron occurs within several hundred femtoseconds,
whereas the whole relaxation—at least for the case of CdSe
QDs—is relatively slow (�1–10 ps).[25] Accordingly, the hole re-
laxation seems to be rate limiting in the intraband relaxation
process of the excited CdSe QDs. As for the mechanism of the
relaxation dynamics, a majority of reports have argued against
the existence of the phonon bottleneck in CdSe QDs, a bulk
property which governs the energy relaxation of excitons via
electron–phonon coupling in the lattice. Instead, a combina-
tion of internal conversion, trapping and Auger-like process-
es[28,29] seems to play a key role for the observed relaxation dy-
namics. Nevertheless, one should be aware that differences in
the results can be found, depending on the sample character-
istics. It has been pointed out that CdSe QDs sample prepared
in different research groups revealed different surface proper-
ties and hence different relaxation dynamics.[25]

In addition to the aforementioned single-exciton experi-
ments, more recently, exquisite works have been carried out in
several research groups to resolve the spectroscopy and dy-
namics of multiexcitons in CdSe QDs. In a seminal study,
Klimov et al.[30] have resolved the relaxation kinetics of two,
three and four electron–hole pairs in CdSe QDs using femto-
second transient absorption spectroscopy. Subsequently, by
applying a fluorescence upconversion technique with a
method of spectra temporal evolution, several groups were
able to resolve the transient emission ascribed to neutral,
charged biexcitons and neutral triexciton under high-power
excitation.[31–33] For comparison, herein, the 400-nm femtosec-
ond pulse was reduced to less than 10 mW (80 or 4 MHz), and
the density of energy per pulse was calculated to be less than
1.6O10�8 Jcm�2, which is equivalent to a photon flux of less
than 3.2O1010 photoncm�2. Thus, laser power has been re-
duced to ensure that only one exciton was formed per QDs.
Under this configuration we believed that the yielding relaxa-
tion dynamics should be free from effects such as bi- or multi-
exciton annihilation.

Upon monitoring at CdTe (core) emission in CdTe/CdSe QDs,
the relaxation dynamics on a time scale of less than one pico-
second with the complete disappearance of any long-lived
component is drastically different from the much slow 20–
40 ns exciton recombination time obtained in core-only CdTe
(see Table 1). Furthermore, due to the significant CdTe size de-
pendence, with a slower decay rate as the CdTe core size in-
creases, it is less likely that the sub-picosecond decay can
simply be attributed to the internal electron relaxation process.

Alternatively, we tentatively attribute the fast CdTe relaxation
dynamics in type-II CdTe/CdSe QDs to a very rapid electron
transfer from CdTe (core) to CdSe (shell), as shown in the cover
picture. Further support can be provided from the correlation
of the dynamic data. As shown in Table 1, the rise component
of the interband emission increases as the core size increases.
For example, the rise component increases from 710�50 fs,
920�70 fs to 1350�70 fs as the size of CdTe in CdTe/CdSe
QDs increases from 5.3, 6.1 to 6.9 nm. The results, within ex-
perimental uncertainty, correlate well with the decay compo-
nents of the CdTe core (in CdTe/CdSe) emission, and can thus
be rationalized by a precursor–successor type of charge sepa-
ration from the CdTe (core) valence band to the CdSe (shell)
conduction band upon electronic excitation. For interband
emission the tendency for slightly longer rise component than
the decay time monitored on core emission indirectly supports
the finite internal conversion rate prior to charge separation.
Apparently, both the decay for core emission and the rise dy-
namics for the interband emission are consistent, which reveals
that, as the size of the core increases, the rate of charge sepa-
ration decreases. One plausible mechanism lies in the fact that
the finite rate of charge separation may be due to the low
electron–phonon coupling.[34] Increasing the core size causes a
drop in the CdTe conduction band.[35] As a result, the energy
gap between the CdTe and CdSe conduction bands is smaller,
so that the density of electron–phonon coupling may be re-
duced, resulting in the decrease in the charge-separation rates.
Nevertheless, further theoretical effort is necessary to shed
light on the corresponding fundamentals.

Conclusions

In summary, we have synthesized CdTe/CdSe QDs from the
much safer CdO and CdCl2 precursors for core and shell, re-
spectively, to perform spectroscopy and investigate the dy-
namics of the type-II interband emission. Based on the femto-
second upconversion technique, we report on the first obser-
vation of early relaxation dynamics on CdTe/CdSe type-II QDs
interband emission. The results indicate that the electron-sepa-
ration rate decreases as the size of the cores increases. Due to
the absence of observation of coherent optical phonon modes
for both CdTe core (in CdTe/CdSe) emission and CdTe/CdSe in-
terband emission, it is possible that the finite rate of charge
separation is due to the small electron–phonon coupling, caus-
ing weak coupling between the initial and charge-separated
states. We believed that the results shown here, especially the
degree of control of the rate of electron transfer, may be cru-
cial in applications where rapid carrier separation followed by
charge transfer into a matrix or electrode is important, as in
photovoltaic devices.

Experimental Section

Tri-n-octylphosphine oxide (TOPO, 99%, Aldrich), tri-n-butylphos-
phine (TBP, technical grade 98%, SHOWA), tri-n-octylphosphine
(TOP, TCI), hexadecylamine (HDA, 90%, TCI), CdO (99.99%, Strem),
CdCl2 (99.99%, Aldrich), selenium (Se) powder 200 mesh (99.5%,
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Aldrich) and Tellurium (Te) powder 200 mesh (99.8%, Aldrich) were
used immediately on receipt.
The preparation of the CdTe core from CdO was according to a
method previously reported by Peng and coworkers.[36] To obtain
the CdTe/CdSe core/shell nanoparticles, the precipitated CdTe QDs
(0.020 g) were dispersed in TOPO (2.20 g) and HDA (1.26 g) before
being heated to 190 8C. In addition, CdCl2 (0.092 g) was dissolved
in TBP (2.5 mL) upon gentle heating (ca. 80 8C). After being cooled
to room temperature, the resulting 0.2m solution was mixed with
Se (2.5 mL, 0.2m in TBP). With a syringe pump, this mixture was in-
jected within 1 h into the reaction flask containing the core nano-
crystals at 190–200 8C. After the addition was completed, the crys-
tals were annealed at 190 8C for an additional 1–1.5 h. Core/shell
nanoparticles of various sizes were obtained by adjusting the con-
centrations of CdCl2 and Se in TBP as well as the corresponding in-
jection periods. The prepared CdTe/CdSe QDs were further purified
by centrifugation and double reprecipitation from methanol.
The sizes of QDs were determined with a Hitachi H-7100 TEM. Fur-
ther characterization of the QDs was made with powder X-ray dif-
fraction (XRD, model PANalytical X’ Pert PRO) and X-ray photoelec-
tron spectroscopy (XPS, model VG Scientific ESCALAB 250). UV/Vis
steady-state absorption and emission spectra were recorded with a
Hitachi (U-3310) spectrophotometer and an Edinburgh (FS920) flu-
orimeter, respectively. The type-II NIR emission spectra were ob-
tained by exciting the sample solution under a front-face excitation
configuration using an Ar ion laser (488 or 514 nm, Coherent
Innova 90). The emission was then sent through an NIR-configured
Fourier-transform interferometer (Bruker Equinox 55) and detected
with an NIR-sensitive photomutiplier (Hamamatsu model R5509–
72) operated at �80 oC. Details of nanosecond lifetimes and femto-
second fluorescence upconversion measurements have been de-
scribed previously.[9]
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